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The purpose of this work is to study the properties of amorphous molecu-
lar semiconductors (AMSs), which are used as templates for the develop-
ment of ordered nanoobjects. Photosensitive AMSs are carbazole-
containing compounds for recording optical information in real time. They
have high sensitivity and spatial resolution, and can work in automatic
mode without an operator. It is important to improve the characteristics
of AMSs and modes of their application. When optimizing the composition
of AMSs, the most important problem is to find out the mechanisms of
thermalization of carriers, the quantum yield in AMSs under photoexcita-
tion, and the electrophysical phenomena. The technique of thermally
stimulated depolarization is used for the analysis of these processes. This
technique makes it possible to study the kinetics of the electric charge
formed due to the orientation of permanent dipoles or the charge trapped
by such deep traps as structural defects, impurity centres, charges accu-
mulated at the interphase boundaries in the film. The spectral sensitivity
is measured for the samples comprised of thin layers of carbazole-
containing materials, which were produced by pouring toluene solutions.
As found out, the quantum yield of photogeneration is decreased at high-
er wavelengths of light. A model based on the assumption of the Newtoni-
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an nature of the dependence of the rate of energy loss for a non-
equilibrium electron is proposed. Within the framework of this model, the
dependences of the length and time of thermalization on the frequency of
the exciting light, the temperature of the AMSs, and the parameter de-
termining the rate of loss of excess energy by a non-equilibrium carrier of
electric charge are determined. As a result, a phenomenological model of
the electrophotographic process is proposed, and the composition of the
AMSs is optimized. A template with an area of @4 cm? and a spatial peri-
od of  3—1 um is fabricated.

Meroio maHOI pPoOOTH € MOCJTiAKEeHHS BJIACTUBOCTEH aMOP(PHUX MOJIEKYJIAp-
HuX HamiBmpoBigHukiB (AMH), SKMX BUKOPHCTOBYIOTh y AKOCTi TeMILJIATiB
I CTBOPEHHS YIOPAAKOBAaHMX HaH000’eKTiB. CBiTsnouyramBi AMH e xap-
6a30JBMiCHUME CepemoBUINAMU IJA PeecTpallii onTuuHol indopmallii y pea-
JbHOMY Yaci. BoHM MaioTh BHUCOKY YUYTJIMBICTH, IPOCTOPOBY PO3AiIbUy 34AaT-
HiCTb, MOKYTh IPAIlIOBATH B aBTOMATHUYHOMY pe:KuMi 0e3 omeparopa. AKTY-
aIbHUM € IoJimineHHA xapaktepuctuk AMH i pekuMmiB BUKOpHCTaHHS iX.
Hna ontumisarnii ckaagy AMH nHaiiBa:KIuBIimmM € 3’scyBaHHS MeXaHi3MiB
TepMaJsisanii HociiB, KBaHTOBOTO BUXOAY mix uyac ¢oro3dbymxenna AMH i
mepebiry emekrpodisuunux aBuil. [aa aHanidy nmux mpolieciB 6B BUKODUC-
TAaHUII MEeTOJ, TePMOCTHMYJbOBAHOI memoJjsapusaliii. BiH yMoOKJIMBIIIOE BU-
BUNUTH KiHETHKY eJIEKTPUUYHOTO 3apAAy, CTBOPEHOro IIifi yac opieHTAIlii moc-
TiHUX AUIIOJNIB, a00 3apany, SKHUHM 3aXOILTIOETHLCA TIIMOOKUMU HACTKaAMU Y
BUIJIAZL CTPYKTYPHUX HIe(deKTiB, JOMINTKOBUX IeHTPiB, 3apAfiB, HaKoIUUe-
HUX Ha MeXi pisHux (as mriBku. B poboTi mpoBeseHo BUMipIOBaHHS CIIEKT-
panbHOI UYTJAMBOCTH 3pas3KiB i3 TOHKMX IIapiB Kap0asoJBMiCHUX MaTepis-
JiB, OlepXKaHUX 3a MOIOMOTOI0 IIOJUBY TOJYOJHHUX pO3umHiB. BecTaHoBieHo,
110 3i 30iJbINIeHHAM MOBMKMHU CBIiTJIOBOI XBWJII BifmOyBaeThCcsA 3MEHIIIEHHS
BeJIMUMHU KBaHTOBOTO BuxoAy ¢ororexepariii. Mogeab 3acCHOBAaHO Ha IPU-
MyIeHHI HBIOTOHIBCBKOTO XapaKTepy B3aJe’KHOCTH IIBUIKOCTH €HepreTud-
HUX BTPAT HEPiBHOBAYKHUM €JIEKTPOHOM. B paMKax IIbOTO MOJEJI0 OJepPKAaHO
3aJIe’KHOCTI MOBXKUHM Ta Yacy TepMmaJiisallii Big uacToTu 30yI:KyBaJbHOTO
cBiTma, temmeparypu AMH i mapamerpa, I0 BU3HAYa€ IIBUAKICTH BTPATH
HAJINIITIKOBOI eHeprii HepiBHOBaKHUM HOCieEM eJieKTpuYHOTro 3apAzny. Orixe,
3aIIPOIOHOBAaHO (DeHOMEHOJIOTIiYHUI MOIeJab ejieKTpodoTorpad)ivHOro mpoiie-
cy it omrmmisoBaHo ckiaxm AMH, ozep:kaHo TeMIuiaT ILome y =4 cm? 3
IIPOCTOPOBUM IIepiogoM y = 3—1 MKM.

Key words: amorphous molecular semiconductors, photosensitivity, elec-
trophysical properties, electric charge.
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(Received 25 January, 2023)

1. INTRODUCTION

Amorphous molecular semiconductors (AMSs) based on sensitized
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photoconductive polymers have photoconductive properties in the
visible and near-infrared wavelength ranges [1]. This is explained
by the fact that the molecules of the sensitizer act not only as cen-
tres of light absorption, but also as centres (or their components) of
photogeneration of charge carriers. These properties of AMSs make
it possible to implement them in the development of microelectronic
and information systems [1-4]. The AMSs based on poly(N-
vinylcarbazole) (PVK), poly-N-epoxypropyl carbazole (PEPK), poly-
anthracene glycidyl ether (PAGE), poly(N-glycidyl -carbazole)
(PGK), carbazole-containing polyorganosiloxane (CCPQO) are known
and widely used. These AMSs are photosensitive due to the presence
of carbazole cores, which have a large closed conjugated m-electron
system, the regularity of their structure, and the close packing. As
known [1, 2], the distance between the carbazole cores in various
PVK (PEPK)-PGK-CPO structures gradually increases due to the
increase in the number of atoms in the links of the main polymer
chain, which connect neighbouring monomer links. The increase in
the distance between the carbazole cores in the polymer chain leads
to its higher flexibility and, at the same time, promotes the for-
mation of charge transfer complexes (CTC). In the AMSs formed on
the base of PGK and PAGE, the chain structure remains practically
unchanged, and only the form of the donor dopant changes. The
transition from carbazole donor cores to substituents with a longer
bond system reduces the ionization energy of the donor and, there-
fore, leads to a wider spectral sensitivity of AMS.

The 2,4,7-trinitro (TNF) and 2,4,5,7-tetranitrofluorenone
(TENF), 2,4,7-trinitro-9-dicyanomethylenefluorene-4-carboxylic ac-
ids, tetracyanoquinodimethane (TCNQ), 2, 7-dinitroundecylic acid
ether, and the Cq, and C;, fullerenes are used as sensitizers. The use
of these AMSs allows synthesizing photosensitive materials that
have spectral sensitivity in almost the entire range of visible light.

As known [1, 2], the photogeneration process in this type of
AMSs includes several stages, and two main stages can be distin-
guished. The first one lasts approximation 107''-107'?s. At this
stage, a neutral exciton-like state forms after absorption of a quan-
tum of light, which transforms due to autoionization into an ion,
i.e., into a ‘hot’ pair of charge carriers. This ‘hot’ pair loses its ex-
cess energy due to inelastic interaction with neighbouring atoms,
and is separated by the thermalization length r, during the thermal-
ization time t..

The thermalization process can be considered complete, when the
excess energy of an unbalanced pair of charge carriers decreases to
a value AW, at which the interaction with the environment becomes
elastic [3]. The thermalization leads to the transition of a mobile
charge carrier from the photogenerating centre to the carbazole
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molecule of AMSs, which results in the formation of the electron—
hole pair, that is, in thermal equilibrium with the environment.

Then the second stage starts. During this stage, the dissociation
of the electron—hole pair occurs in the process of diffusion drift of
charge carriers. This stage can be adequately described by the On-
sager model [1, 2, 4], which takes into account the possibility of
tunnelling. However, the Onsager model is not applicable to describ-
ing the first stage of the charge generation process in the AMSs,
since it cannot be applied to describe thermodynamically non-
equilibrium systems. The experimental studies of such a multistage
process of photogeneration of electric charge carriers in the AMSs
is rather difficult, as it is possible to measure only the consequence
of all stages (for example, the quantum yield of photogeneration or
luminescence). Theoretical research allows analysing each stage sep-
arately.

The aim of this work is to study the dependence of the thermali-
zation length in carbazole-containing AMSs on the wavelength of
the excitation light, and to develop and improve an adequate model
of the process of thermalization of charge carriers during formation
of ordered nanoobjects using templates.

2. EXPERIMENTAL TECHNIQUES

Free carriers of electric charge in AMSs form after a chain of sepa-
rate elementary processes each of which affects the photogenera-
tion. The results of all these separate elementary processes are ex-
perimentally recorded; each of these processes is determined by its
own parameters (which are determined by the characteristics of the
AMSs), and therefore they depend on the experimental conditions in
different ways.

When studying the process of photogeneration of electric charge
carriers in AMSs, the dependence of the quantum yield of photo-
generation on the wavelength of the excitation light is of particular
interest. This is explained by the fact that this dependence is main-
ly determined by thermalization, not by all processes that determine
the photogeneration process.

The dependence of the quantum yield of photogeneration n in an-
thracene and pentacene, as well as in carbazole-containing com-
pounds, was studied in [1, 2, 4-6]. It was shown there that the
quantum yield of photogeneration of charge carriers increased at
higher frequencies of absorbed light. According to the obtained ex-
perimental data on the photoprocesses in pentacene and the Onsager
model describing the mechanism of electron-hole pair dissociation,
it was concluded that the thermalization length of charge carriers
increases with an increase in the frequency of the excitation light.
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Fig. 1. Experimental [1] (solid) and theoretical (dashed) curves for the de-
pendence of thermalization length in pentacene on the energy of excitation
quantum.

This conclusion is illustrated in Fig. 1, which shows the experi-
mental curve plotted according to the data of [1, 5].

It was shown in [1] that the spectral dependence of the quantum
yield of photogeneration of charge carriers in polymer semiconduc-
tors near their light absorption edge could be described by the ap-
proximate relation:

(o) =~ C(ho — EXY', n ~ % , (1)

where C is a function of temperature and electric field, and EZ’ is
the width of adiabatic energy gap.

It should be noted that there is no acceptable model that would
substantiate Eq. (1).

Additional investigations into the dependence of the quantum
yield of photogeneration of carriers, n(A), for a wider range of
AMSs have been carried out. In these studies, samples with a thick-
ness of 1.4-1.5 ym were used; the film was deposited on a glass
substrate with electrically conductive SnO, sublayer by means of
pouring toluene solution by standard method [7].

The surface of the sample was charged with positive ions in a co-
rona discharge using the method of thermally stimulated depolari-
zation of AMSs [8, 9] (Fig. 2). The surface potential was measured
by the dynamic probe method. The spectral sensitivity S, was de-
termined by the 20% drop in the potential of the AMSs free surface
under 0.1 mW /cm?® radiation. Prior to the measurements, the AMSs
free surface had been charged to a potential of 190 V. The scheme
of the experimental study of the kinetics of thermally stimulated
relaxation of the surface potential of the template based on amor-
phous molecular semiconductors (AMSs) is shown in Fig. 2, a, b.
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Figure 3 shows the experimental results on the thermal relaxa-
tion of the potential on the AMSs surface, which was charged in
darkness by a positive corona discharge (anode under a high poten-
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Fig. 2. Template structure and device for forming charge in AMSs bulk by
thermally-stimulated depolarization: a—template structure; b—1 is the
activator, U,=20 kV, charging time ¢.,=3 s, dgeetroae =90 n1m, 2 is the
probe for measuring the potential of AMSs free surface; 3 is the template
structure (from bottom to top: glass substrate, conductive layer (ITO,
R =10 Ohm/square) with copper electrical contacts, AMSs layer), 4 is the
unit for temperature measuring and AMSs heating with pulse current and
touse < 100 ms, where the resistance of ITO layer is used as the sensor of
AMSs temperature, 5 is the integrator on the operational amplifier with
integration constant ¢t=10s, and 6 is a personal computer with analog-
digital signal input—output devices.
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Fig. 3. Kinetics of relaxation of AMSs surface potential after charging the
AMSs layer in corona discharge I (Fig. 2, activator): I—thermal relaxa-
tion of AMSs surface potential; 2—temperature kinetics of AMSs layer;
3—thermal relaxation of surface potential of polarized AMSs layer.
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tial, & =30 num). The corona discharge was accompanied by a purple
glow (corona). In such a corona, primary electrons are released at
the outer boundary of the ionizing zone because of the gas pho-
toionization by photons generated inside the corona.

These electrons are accelerated in the anode field, collide with gas
atoms and ions and excite them, generating electron avalanches by
shock ionization. In the outer zone of the discharge, the current is
carried by positive ions. The positive space charge formed by them
moves towards the AMSs and settles on its surface. The surface
charge field reached 120 V/um.

At the initial stage of AMSs heating (up to T =65°C), some in-
crease in the surface potential is observed. There is a sharp drop in
the surface potential of AMSs at 65°C (T.,,), which ends at T =92°C
(T.,,). The AMSs layer absorbs light in the visible range of the spec-
trum. Therefore, the thermal relaxation of the surface potential of
a pre-polarized AMSs film was investigated. The electric charge was
applied on the AMSs film surface in a corona discharge in darkness
at 20°C, and the AMSs was heated up to 65°C for 20 ms (curve 2 in
Fig. 3); then, the AMSs film was cooled down to 20°C and irradiat-
ed with 5 W/cm? light with a wavelength of 470 nm for 20 s. The
relaxation of additional charge in the irradiated AMSs occurred.
Then, the AMSs film was heated up to T'=109°C for 100 ms (curve
3 in Fig. 3).

The increase in the AMSs surface potential upon heating (curve 3
in Fig. 3) indicates the relaxation of the negative charge that has
been formed in the AMSs bulk due to the dipole polarization of the
AMSs during the primary heating. The relaxation peak of the po-
tential of negative charge in the AMSs bulk is at 82°C. An approx-
imate estimate of the activation energy of the volume charge cap-
ture centres using formula W =Ak;T gives W =0.03 eV (A=1).

Thus, the thermal relaxation of the electric potential on the sur-
face of carboxyl-containing polymers based on a AMSs film shows
that the film structure changes within = 15 ms in the temperature
range of 65°C, and a negative charge forms on the traps in the
AMSs bulk in the range of 65°C (T,,)<T <92°C (T.,,) during =10
ms.

The peak of the relaxation of negative charge potential in the
AMS volume is observed at 82°C. The produced template can be
used repeatedly below 65°C without aromatic solvents for several
years, provided it is stored in an airtight container.

A localized charge was formed in the nanocomposite film by the
electrophotographic method [8, 9], when the sample was exposed to
a hologram using the three-beam scheme. The registration of holo-
grams on the nanocomposite film consisted of three main stages.
The sample with the nanocomposite film was placed near the anode
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of the corona device in an air atmosphere. Due to the deposition of
ions on the film surface in darkness, a uniformly distributed posi-
tive surface charge was formed. The potential of the film surface
was 120 V.

The intensity distribution in the exposing light field forms the
topology of the template. The simplest light field in the form of a
two-dimensional lattice is implemented by means of two interfering
laser beams. The angle between the beams determines the phase
shift and, therefore, the spatial frequency of the grating. It is pos-
sible to form a light field of a certain class of symmetry with a pre-
determined intensity distribution by changing the number of laser
beams, their relative directions in space, and additional modulations
of amplitude or phase transparencies. In our experiments, three la-
ser beams directed on the substrate along the lateral surface of a
25° regular cone were used for the template exposure.

When a nanocomposite film is exposed to light in the electric
field of a flat capacitor formed by an electrically conductive sub-
strate and surface charge, the photogeneration of current carriers
occurs and photoconductivity appears [8, 9]. The current density of
photoconductivity is determined by the modulated intensity of the
light field that exposes the film surface. Because of the flow of
photocurrents, the potential of the film surface decreases according-
ly. A non-uniform distribution of the surface charge is formed on
the surface after the exposure is completed. The surface charge
density is modulated by the exposing light field. The field of sur-
face charges modulated in space can deform the surface of the film
during its softening.

The time of the surface relief formation was <0.1 s. The repro-
ducibility of the characteristics was ensured by the automation of
the hologram registration process using the control module [8, 9].
When photocurrents flow through the film, charge carriers can also
be trapped by deep traps that leads to the formation of localized
volume charge modulated by the exposing light field. The probabil-
ity of carrier trapping is determined by the density and energy
characteristics of deep traps, which, in our experiments, were
formed, apparently, during the deposition of the nanocomposite by
co-condensation in a vacuum. Therefore, it is possible to form not
only a relief (relief template), but also trapped charge (electret tem-
plate) in those locations where the film is irradiated. The density of
the localized electric charge is modulated proportionally to the in-
tensity of the light field in the exposing hologram and, therefore,
has the same topology.

The absorption spectra of the samples were recorded using a C-26
spectrophotometer. The experimental results are illustrated by the
data given in Table. It contains the results of the study of the spec-
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TABLE. Spectral sensitivity, absorption coefficient, and quantum yield of
photogeneration of electric charge carriers in AMSs at two radiation wave-
lengths. The I, is the AMSs ionization potential, and E, is the electron af-
finity energy of sensitizer [1].
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PVK TNF 3.0 0.16 3.0 20 60 6 2.05
I —7.6eV TENF 5.0 1.2 8.0 40 75 3.4 2.35
a= T TNFDC 3.0 3.0 6.0 60 85 1.5 2.60
TNF 3.0 0.15 5.0 10 70 5.2 2.05
PEPK TENF 5.0 1.3 7.0 46 78 3.4 2.35
I —7.6eV Ud-DDPA 4.0 3.0 8.0 55 70 2.1 2.45
a= T TENFDCM 3.0 3.5 7.0 60 80 1.6 2.6
TCHDN 1.0 1.0 1.2 65 85 1 2.7
TNF 4.3 0.4 5.0 10 75 2 2.05
PAGE TENF 4 1.0 5.2 60 80 4 2.35
I,=7.4eV | TENFDCM 3.6 2.0 2.0 70 75 1 2.60
TCHDN 1.0 0.8 0.8 50 70 0.9 2.70
PGK
I,=7.1eV TNF 4.0 1.1 2.3 27 31 2 2.05

tral dependences of S, on the potential decay rate 0.2 (Sdv/v =0.2),
the absorption coefficient of the sample k(A), the quantum yield of
photogeneration of carriers n(A), and the electron affinity energy.
According to the data in Table, the dependence of the quantum
yield of photogeneration on A (or the energy of a quantum of light
W) increases at lower electron affinity energy of the sensitizer.
This nature of the n(A) dependence can be qualitatively understood,
taking into account that the initial energy of a hot electron W, (ne-
glecting the contribution of polarization effects) can be estimated as
W, —1,+E,+U (where U is the potential energy of the hot elec-
tron). In this case, the relative change in AW,/W, with a change in
W, is determined by the ratio AW, /(W,,—~I,+ E,+U), and this ra-
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tio increases at lower E,. It is worthwhile to note that, if this sim-
plified analysis is correct, then, we should obtain for the C4, fuller-
ene as acceptor (which has the characteristic value E,=2.65 eV) a
composite, in which the quantum yield of photogeneration of charge
carriers is almost independent on the light wavelength in the ab-
sorption range.

3. PHENOMENOLOGICAL MODEL OF THE THERMALIZATION
PROCESS OF HOT CHARGE CARRIERS

The long-term studies of the processes of thermalization of photo-
excited carriers of electric charges in AMSs [1, 2, 5, 6, 10, 11] (de-
termination of the magnitude orders for time and length of ther-
malization, the ratios between the general properties of phonon
spectra and ¢, and r., the relationship between ¢, and the diffusion
coefficient of charge carriers, etc.) have yield significant results.
Nevertheless, the regularities of the thermalization process have
not been clarified. This situation is mainly explained by the fact
that this is a non-equilibrium process. This leads, for example, to
the fact that a charge carrier during the thermalization cannot be
characterized by such equilibrium parameters as diffusion coeffi-
cient or mobility. When developing thermalization models using
quantum mechanical characteristics, one is faced with the difficul-
ties of studying the relevant Hamiltonians and incomplete infor-
mation about the values of the interaction cross sections.

We proposed a phenomenological model of the thermalization of
hot charge carriers, which allows describing the dependence of the
characteristics of this process on the wavelength of the exciting
light and the environment temperature. The model is based on the
assumption that the excess energy of a hot non-equilibrium charge
carrier reduces due to its transition to neighbouring molecules with
a rate that depends on the temperature difference between the hot
electrons and the environment. It is assumed [1] that the thermali-
zation process stops, when the energy of hot charge carriers de-
creases to the values, when the processes of inelastic interaction
with the environment become impossible. This becomes possible
when the temperature of the hot carriers exceeds the ambient tem-
perature T, by a small amount of AT. It is also assumed that the
potential energy of the interaction of a hot particle with the envi-
ronment does not change during the thermalization process, and
external fields are either absent or low, and therefore, do not affect
the thermalization.

In this approach, the excess energy of a non-equilibrium charge
carrier is determined by its kinetic energy or temperature. This al-
lows determining the speed of movement of a non-equilibrium elec-
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o(t) = 1/w : @)
m

where k; is the Boltzmann constant, and m is the mass of the non-
equilibrium charge carrier.

According to the assumption that the charge carrier motion is
rectilinear during thermalization, the thermalization length can be
determined, using the following relation:

n:funw:/yﬁfyumt (3)
0 m 0

The process of loss of excess energy by a non-equilibrium electron
is determined by its interaction with phonons. The phonon spectrum
is determined by the AMSs structure and has not been sufficiently
studied. In such cases, it may be helpful to use the phenomenologi-
cal models [7, 10], which allow explaining the dependences observed
in the experiment and to obtain information about the micropro-
cesses occurring in the AMSs.

Let us assume that the thermal transition process is Newtonian,
that is, the thermal transition coefficient is proportional to the
temperature difference T(f)—T,. Then, the temperature kinetics of
a non-equilibrium charge carrier is described by the following equa-
tion:

tron u(t):

ar(t) 2y

7t 3k, (T@t)-Tp), (4)

where y is a parameter that determines the rate of excess energy
loss by a non-equilibrium hot electron. The value of y should usual-
ly depend on both the shape of the phonon spectrum and the charac-
teristics of the interaction of the non-equilibrium electron with the
sample molecules. However, it should be considered as a constant in
further analysis.

As an initial condition, it is assumed that T(0) is determined by
the energy 7o of the absorbed light quantum and the work A, which
is necessary to create an excited state. The parameter A should de-
pend on the values of I,, E,, and the energies of polarization trans-
formations:

2
T) = g(hco - A). )

B

Note that the relation (4) is a partial case of a more general ex-
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pression

dT(t)
dt

where the parameter n is determined by the phonon spectrum, and
the dimensional coefficient a determines the intensity of heat flow.

The solution of Eq. (4) under condition (5) has the following
form:

—-a(T(#) - T(0))", (5a)

1 1—exp| =2t ||+ 2 (ho - _ 2
T(t) =T, (1 exp[ 3k, tJJ + 3k, (ho — A) exp( 3k, tJ . (6)

Using equation (6) and the following condition,
T(t) =T, + AT, (7)

we get an expression for the thermalization time ¢.:

- &F[MT H ®
2y AT 3k,

According (3) and (8), the radius of thermalization is

r.= fg(hco—A)% 1- I B AT . 9
m X \/%(hm_A)_%

B

Expressions (8) and (9) allow finding the relationship between ¢,
and r; regardless of the unknown parameter y:

fz
- AV "D - | AT t . (10)

rtf T
W[ L (200-2) \j 2 (ho-4)-T,
AT\ 3k, 0 3k

4. DISCUSSION

When analysing the obtained results (formulas (8), (9), and (10)), it
is necessary to take into account that the length of thermalization
is not directly measured in the experiment. The r.-value can be de-
termined using the information about the quantum yield of photo-
generation 1 using the model describing the process of hole—
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electron pair dissociation. Thus, when applying the traditional On-
sager model, the information about r; can be obtained from the data
[56, 8, 12], using the following relation:

n(ho) =
m+n 11
- 23:;)') ( j z (r /<r >) Z|:1 exp( Zy(r >)z (2Y<r >) :|’ ( )

where @, is the quantum yield of the primary autoionization pro-
cess, and r, and y are

e’ eE

_ Ly E 12
dnsee, T | 2k, T (12)

where ¢ is the dielectric constant of the medium, g, is the vacuum
permittivity, and E is the external electric field.

Analytical analysis of the dependence of r; as a function of n(%w)
resulting from relation (11) is complicated [5]. Numerical analysis
shows that, all other conditions being equal (temperature, electric
field), a higher value of the quantum vyield is provided by a larger
initial distance between the pair charges. This means that the ex-
perimental increase in the photogeneration quantum yield at higher
frequencies of the absorbed light indicates an increase in the ther-
malization length of the electric charge carriers.

According to formula (9), r. increases at higher 7w (or lower A);
this is in good agreement with the obtained data summarized in Ta-
ble 1 and the results of [1, 6]. A comparison of expression (9) with
experimental data obtained for pentacene in [1] is shown in Fig. 1.
The good correlation between the theoretical and experimental
curves confirms the adequacy of the proposed model for the ther-
malization process. Note that the dependence r/(\) also agrees with
the results of the model, which assumes the loss of excess energy of
the non-equilibrium charge carriers due to the collisions with sur-
rounding molecules [3, 13]. It also follows from expression (9) that
the length of thermalization increases with a decrease in the ambi-
ent temperature, which has been observed experimentally [2, 5].

Thus, the proposed model of the thermalization of charge carriers
qualitatively explains the spectral and temperature dependences of
the thermalization length and the quantum yield of photogeneration
of electric charge carriers, and determines the ratio between r. and
t., which is in accordance with experimental results.

5. CONCLUSIONS

The experimental studies of quantum yield of photogeneration of
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electric charge carriers in PVK, PEPK, PAGE, PGK sensitized with
electron acceptors (TNF, TENF, Ud-DDPA, TENFDCM, and
TCHDN) indicate a significant dependence of the quantum yield of
photogeneration on the wavelength of the excitation light.

A phenomenological model of the process of thermalization of
charge carriers in organic molecular semiconductors is proposed.
The model has an exponential parameter, which specifies the de-
pendence of the rate of ‘heat flow of a hot charge carrier’ on the
temperature difference between the hot charge carrier and the envi-
ronment, as well as the proportionality coefficient, which deter-
mines the heat flow by the temperature difference. The main sug-
gestions of the model are the assumptions that the thermalization
process is complete, when the excess energy of an unbalanced pair
of charge carriers decreases to such a value that their interaction
with the environment becomes elastic, and the rate of excess energy
loss by hot charge carriers is proportional to the temperature dif-
ference between non-equilibrium charge carriers and the environ-
ment.

When using the Onsager model (or its modifications), the given
model of thermalization makes it possible to qualitatively explain
the spectral and temperature dependences of the quantum yield of
charge carrier photogeneration.

A light-controlled template is developed, which consists of a
transparent substrate (d =3 mm, 40x40 mm), an amorphous molecu-
lar semiconductor (AMS, d=1 pum), and a gold metal film (d <100
nm). The mechanisms of its formation by means of electrophoto-
graphic process are determined. It is shown that the light field and
electric charge that is formed in the AMSs bulk determine the relief
and field topologies of the template. The maximum spatial capacity
of the template is determined by the volume charge in the AMSs
and is approximately 30 nm.
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